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ABSTRACT: On Svalbard, Arctic Norway, an unconventional siliciclastic
reservoir, relying on (micro)fractures for enhanced ﬂuid ﬂow in a low-
permeable system, is investigated as a potential CO2 sequestration site.
The fractures’ properties at depth are, however, poorly understood. High
resolution X-ray computed tomography (micro-CT) imaging allows one
to visualize such geomaterials at reservoir conditions. We investigated
reservoir samples from the De Geerdalen Formation on Svalbard to
understand the inﬂuence of fracture closure on the reservoir ﬂuid ﬂow
behavior. Small rock plugs were brought to reservoir conditions, while
permeability was measured through them during micro-CT imaging.
Local fracture apertures were quantiﬁed down to a few micrometers wide.
The permeability measurements were complemented with fracture
permeability simulations based on the obtained micro-CT images. The relationship between fracture permeability and the
imposed conﬁning pressure was determined and linked to the fracture apertures. The investigated fractures closed due to the
increased conﬁning pressure, with apertures reducing to approximately 40% of their original size as the conﬁning pressure
increased from 1 to 10 MPa. This coincides with a permeability drop of more than 90%. Despite their closure, ﬂuid ﬂow is still
controlled by the fractures at pressure conditions similar to those at the proposed storage depth of 800−1000 m.
■ INTRODUCTION
The Intergovernmental Panel on Climate Change (IPCC)
considers CO2 capture and storage (CCS) projects as one of
the options to reduce anthropogenic atmospheric CO2
release.1,2 From the 1970s onward, underground geological
storage of CO2 has been successfully explored both onshore
and oﬀshore.3−7 Since 2007, the feasibility of a CCS project in
Longyearbyen, Svalbard, has been under investigation,8−10 with
a ca. 300 m thick reservoir, comprising heterolithic sandstone-
siltstone sections within the Upper Triassic De Geerdalen
Formation, overlain by sandstones and thin conglomerates
within the uppermost Triassic to Middle Jurassic rocks of the
Wilhelmøya Subgroup (Figure S1c). These are considered
unconventional because of their low to moderate matrix
porosity and very low matrix permeability (<15% average
porosity and a permeability <1.0 × 10−16 m2 for the De
Geerdalen Formation sections).9,11,12 Successful water injection
tests indicated that fracture permeability signiﬁcantly aﬀects
ﬂuid ﬂow within these rocks13 and positively impacts both
injectivity and storage capacity.9 This includes fracture-related
secondary porosity and enhanced connectivity within the rock
matrix due to microfractures.
Considerable eﬀort has been directed to the structural
characterization of the targeted sections in both outcrops and
drill cores.13,14 One of the most important properties of rock
fractures is their aperture distribution, which directly aﬀects the
ﬂuid ﬂow and transport properties through them.15 Fracture
apertures in the reservoir sections were either determined
indirectly, as hydraulic apertures from permeability measure-
ments, assuming a single fracture with laminar ﬂow,16 or
through high resolution X-ray computed tomography (micro-
CT) imaging.14 The latter allowed the direct measurement of
fracture apertures in decompacted drill cores. Current advances
in laboratory micro-CT, however, allow the direct investigation
of the fracture apertures under triaxial pressure conditions.17−21
Such advances include improved analysis tools for (micro)-
fracture segmentation,22−24 fracture aperture quantiﬁca-
tion,25−27 and overall improved laboratory setups.28−32
In this study, naturally and artiﬁcially fractured rocks from
the sandstone reservoir sections are subjected to conﬁning
pressures up to 15 MPa, in order to investigate the eﬀect of
burial depth on the fractures within them. These pressures
mimic the eﬀect of a burial depth of approximately 800−1000
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m on horizontal fractures within the rocks.8,16 To investigate
this, an experimental setup was constructed on a micro-CT
system, allowing the study of rock plugs at reservoir conditions
and visualizing the eﬀect of stress on the fractures. Fracture
apertures could be determined locally, with subresolution
measurements on the micro-CT images. The micro-CT data
also allows for ﬂuid ﬂow simulations through the rock fractures,
adding to the understanding of the pore-scale transport. We
thus provide the ﬁrst direct information on fracture apertures at
depth for the Svalbard storage unit. These experiments allow
the interpretation of fracture measurements from decompacted
core samples in order to understand their behavior at depth.
The micro-CT images provide direct evidence of the
dependency of the rock samples on the fractures for injectivity
and storage of CO2.
■ MATERIALS
The samples under investigation are part of the De Geerdalen
Formation, which comprises ﬁne to medium grained sand-
stones interbedded with silty shales and hard calcareous
siltstones.8,33 These rocks are exposed in both drill cores
(depth 672−970 m at the planned injection site in
Adventdalen) and nearby outcrops (Figure S1). In this study,
a fractured sandstone interval from the outcrop at the southern
shore of Isfjorden was targeted to determine the inﬂuence of
microscopic fractures in these rocks. In a 6 × 6 × 6 cm3 sample,
rock plugs parallel to bedding were prepared (5 mm diameter
and 14 mm length) from areas where such horizontal fractures
could be anticipated.13,14 Experiments were performed on three
individual rock plugs: one unfractured sample (INT-plug), one
with a natural fracture parallel to the drilling direction (NF-
plug), and one with an artiﬁcially induced fracture parallel to
the plug axis (IF-plug). The artiﬁcial fracture was induced by a
Brazilian test, in which the rock plug was subjected to
diametrical loading to induce tensile stresses. All rock plugs
are quartz-arenites, consisting of up to 70% quartz, less than
20% dolomitic cementation, and a limited amount of
phyllosilicates (mainly muscovite and illite) ﬁlling the pores
(<3%). Pyrite and plagioclase are also present to a lesser extent
(<1%). Previous studies in similar rock material have combined
information on fracture occurrences, aperture distributions, and
fracture lengths in the outcrop materials with measurements in
the drill cores.13,14 The fractures in the rock outcrops might
have undergone frost weathering, so that their length is larger
than what is observed in the drill cores.14,34
■ METHODS
Permeability Measurements. A triaxial ﬂuid ﬂow setup
was constructed, in which small-scale rock plugs were brought
to reservoir conditions (Figure S2). In these experiments, no
external temperature control was applied since the ambient
temperature is similar to the actual reservoir temperature of
approximately 30 °C at 700 m. The triaxial device, provided by
SINTEF, Norway, allows one to impose ﬂuid ﬂow along the
axis of the rock plugs. During the experiments, we measured the
pressure diﬀerence (ΔP) between the inlet and outlet of the
ﬂow line. This allowed us to determine the permeability at a
given conﬁning pressure. According to Darcy’s law, the sample
permeability k (m2) is
= − μ
Δ
k
LQ
A P (1)
with μ as the ﬂuid’s dynamic viscosity (Pa s), L as the length of
the sample in the direction of the ﬂow (m), Q as the volumetric
ﬂow rate (m3s−1), and A as the cross-sectional area of the
sample (m2).
For both the IF- and the NF-plug, the experimental approach
is schematically represented in Figure S3. The IF-plug was ﬁrst
subjected to a stepwise increase in conﬁning pressure up to 13.3
MPa. The axial pressure was kept constant at 5 MPa to ensure
the stabilization of the investigated plug in the vertical
direction. At each of the investigated conﬁning pressures (1.3,
2, 4, 6, 8.2, 10, and 13.3 MPa), the IF-plug was saturated with a
cesium chloride (CsCl) solution of 450 kppm and a micro-CT
scan was taken. The CsCl-brine was chosen as a substitute for
the formation water in the reservoir35 and acts as a contrast
agent for micro-CT scans. In spite of its salinity, the brine has a
similar dynamic viscosity as H2O.
35 Micro-CT scans were taken
with the environmental micro-CT system (EMCT) at Ghent
University.27,36,37 The scanning parameters are given in Table
T1. Because the IF-plug contains a well pronounced fracture, it
was possible to easily switch pore ﬂuids during the experiments.
At each of the conﬁning pressures, the brine in the fracture was
therefore drained with CO2, after which a second micro-CT
scan was taken. During the CO2 injection, radiographs were
taken continuously to ensure that only the fracture inside the
plug was drained and not the rock matrix. More information on
the precise process of the CO2 injection is available in the
Supporting Information. By registering the CsCl-brine ﬁlled
images to the fracture-drained images, diﬀerential images could
be constructed to segment the fracture,24 which allowed ﬂuid
ﬂow simulations within the 3D volume of the fracture.
At the diﬀerent conﬁning pressures, the permeability was
determined by imposing a constant brine or water ﬂow rate, so
that the pressure drop across the rock plug ﬂuctuated around
0.5 MPa. This pressure drop was monitored for 15 min and
averaged to determine the permeability at a given conﬁning
pressure. At higher conﬁning pressures, a lower ﬂow rate was
used to achieve the pressure drop of 0.5 MPa. Calculation of
the Reynolds number38 showed that the ﬂow rate was still well
within the laminar regime (Re < 8.5 × 10−3 for all experiments).
Therefore, the Darcy equation is still valid.
For the NF-plug, four diﬀerent conﬁning pressures (2.9, 5,
10, and 15 MPa) were chosen at which micro-CT scans were
made with identical parameters as used in the scans of the IF-
plug. Because of the low inherent permeability of the plug and
ﬂuid injection pressure limits, these ﬁrst scans were carried out
without pore ﬂuids. Afterward, the conﬁnement around the
sample was brought back to atmospheric conditions, followed
by a relaxation period of 72 h. The triaxial experiment was
subsequently redone, now with a complete saturation of the
pore space with the CsCl-brine, followed by a third time
saturated with H2O. The experimental determination of the
permeability in function of the conﬁning pressure was thus
determined twice: once with the CsCl-brine (at conﬁning
pressures of 1.0, 2.8, 4.5, 5.1, 6.6, 8.0, and 10 MPa) and a
second time with H2O (at conﬁning pressures of 1.0, 3.0, 4.0,
5.1, 6.4, 8.0, and 10.0 MPa). In this second and third run of the
triaxial test, micro-CT scans were also taken at diﬀerent
conﬁning pressures. However, diﬀerential images with the dry
state could not be obtained, since the fracture remained partly
closed after the ﬁrst run of the experiment. The permeability of
the INT-plug was determined at four diﬀerent conﬁning
pressures (1.0, 2.1, 4.0, and 5.0 MPa), using the CsCl-brine. At
higher conﬁning pressures, the permeability of this plug could
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no longer be determined due to pressure (max 0.68 MPa) and
ﬂow rate limitations (min 0.004 μL/s) in relation to the
inherent low permeability of the plug.
Hydraulic Aperture Quantiﬁcation. To obtain an
indication of the fracture’s aperture, the experimentally
determined permeability of the rock plugs can be used.
Through a simpliﬁcation of the fracture within the rock plug to
the parallel plate representation,39 the fracture permeability kf
with laminar ﬂow can be derived from the Hagen−Poiseuille
law40
=k w /12f 2 (2)
with w being the mean hydraulic fracture width or aperture.
Because of the concept of laminar ﬂow, the total volumetric
ﬂow rate is the sum of the fracture ﬂow and the matrix ﬂow
rate. The pressure drop in the matrix and fracture is assumed to
be the same, so that
= − −k k A k A wL
wL
( )
f
av m
(3)
with kav, km, and kf being the average, matrix, and fracture
permeability, respectively. A and L are the cross-sectional area
(m2) and the sample’s length (m), and w is the hydraulic
fracture aperture (m). The INT-plug was used to obtain an
indication of the matrix permeability at diﬀerent conﬁning
pressures. This method provides an average aperture for an
idealized fracture, which must be considered as an equivalent
aperture through which ﬂuid ﬂow takes place.41,42
Local Aperture Quantiﬁcation. On the basis of the micro-
CT images, local fracture apertures can be quantiﬁed to assess
the aperture distribution. The Acquila software (XRE NV,
Belgium) was used to reconstruct the micro-CT scans, while
Avizo (FEI) was used to analyze the reconstructed images in
3D. The XLab-Simulation extension within Avizo allows one to
calculate absolute permeabilities and local ﬂuid velocities. In
this study, this was used to calculate the fracture permeability in
the IF-plug at diﬀerent conﬁning pressures, on the basis of the
segmented fracture. Local fracture apertures were determined
on the diﬀerential images:24,43 gray value proﬁles were taken
perpendicular to the fracture orientation so that the fracture’s
gray value dip could be ﬁtted by a Gaussian point-spread
function (PSF).25,44,45 In case of well pronounced fractures, as
in the IF-plug, the full-width-half-maximum (fwhm) of the PSF
dip is an appropriate method to determine local apertures.25,46
For each scan of the IF-plug, a total of 1200 gray value proﬁles
were analyzed. Each ﬁt was visually evaluated for its accuracy
and discarded when considered insuﬃcient. To obtain a second
evaluation of the measurements, they were taken along three
vertical scanlines, which implies that the measurements along a
single scanline had a spacing equal to the resolution of the
micro-CT images. Measurements along such a scanline thus
need to show a logical progression from one measurement to
the other. Because of the amount of measurements, we believe
the fracture’s aperture has been sampled in a representative
manner. To improve the representativeness, one could obtain
aperture measurements based on a 2D grid overlying the
fracture. We attempted to extract gray value proﬁles that were
perpendicular to the fracture. Deviations from perpendicularity
result in slightly overestimated apertures; however, local
fracture apertures were quantiﬁed at identical locations in the
rock plug at diﬀerent conﬁning pressures due to the image
registration. Therefore, the measured data gives a good
representation of the fracture closure at diﬀerent conﬁning
pressures.
In the NF-plug, the fracture is known to be thinner. In such
fractures, the missing attenuation (MA) can be determined in
the gray value dip described by the PSF.25,46 The aperture
distribution of the NF-plug was determined on gray value
proﬁles in the dry scans and thus not on diﬀerential images.
Figure S4 illustrates the diﬀerence between the MA measure-
ment of an attenuation dip and the fwhm determination of the
fractures’ aperture. The general equation describing the MA
method can be found in the Supporting Information, together
with an illustration describing the diﬀerent parameters for its
calculation (Figure S5).
■ RESULTS AND DISCUSSION
Micro-CT Results. Figure 1 illustrates the obtained micro-
CT data of the IF-plug at a conﬁning pressure of 2 MPa. The
images in which the sample is ﬁlled with CsCl-brine (Figure 1,
top) are registered with those in which the fracture was drained
by CO2 (Figure 1, middle) in order to construct the diﬀerential
image (Figure 1, bottom). This allowed the segmentation and
quantiﬁcation of the fracture in the IF-plug, even at higher
conﬁning pressures. However, because of the experimental
approach used with the NF-plug, diﬀerential images between
Figure 1. Micro-CT images of the IF-plug are depicted at a conﬁning
pressure of 2 MPa. The registration of the CsCl-brine ﬁlled state and
the dry state allow diﬀerential images to be constructed. The insets
show the results more clearly for the three cases.
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the dry state of the sample and a CsCl-brine ﬁlled state did not
fully represent the entire fracture: the fracture remained
partially closed after the sample was brought to a conﬁning
pressure of 15 MPa in a dry state and subsequently brought
back to atmospheric conditions. Therefore, in the second NF-
plug experiment, with the CsCl-brine, the fracture does not
have the same aperture distribution anymore. Aperture
measurements in the NF-plug therefore remain limited to
areas in which the fracture is well-pronounced in the ﬁrst set of
scans (in the dry state). The results of these scans are shown in
Figure 2. In this plug, the fracture aperture distribution is close
to the image resolution (11 μm), making it challenging to
quantify it at diﬀerent locations within the plug.
Permeability Changes. The permeability measurements of
the three plugs at diﬀerent conﬁning pressures are summarized
in Figure 3. The permeability of the INT-plug (Figure 3A)
shows an exponential decrease with increasing conﬁnement.
The data can be ﬁtted with an exponential function with
exponent −0.254 (R2 value of 0.99). Where previous
measurements of unfractured rock cores from the Long-
yearbyen CO2 project showed a linear permeability decrease
with increasing conﬁning pressure,16 the exponential behavior
could indicate the presence of fractures below the spatial
resolution of the images. At a conﬁning pressure of 5 MPa, the
tested rock plug exhibits a permeability decrease of up to 64%
compared to a conﬁnement of 1 MPa (0.43 × 10−17 m2 versus
1.2 × 10−17 m2).
For the IF-plug, the permeability in function of the
conﬁnement is shown in Figure 3b. Permeability was measured
both with H2O and the CsCl-brine, by changing the pore ﬂuid
at each of the conﬁning pressures (Figure S3). Measurements
with both pore ﬂuids give very similar results. The permeability
data obtained by ﬂushing H2O through the sample could be
ﬁtted by an exponential function with an exponent of −0.291
(R2 value of 0.96). For the measurements in which the CsCl-
brine was used, a ﬁt with an exponent of −0.293 (R2 value of
0.84) was obtained. The quality of the ﬁts was aﬀected by
outlying values for the permeability at a conﬁning pressure of
6.2 MPa.
The diﬀerential images between the CsCl-brine-ﬁlled state
and the state with the drained fracture were used as a basis for
fracture segmentation and ﬂuid ﬂow simulations with the Avizo
extension XLab-Simulation. This software package solves the
Stokes equations and calculates the absolute permeability
tensor through the Darcy equation. No-slip boundary
conditions were used, and permeability was only determined
parallel to the fracture, which is equal to the experimental
determination. A small subsection of the micro-CT images was
used for these simulations, composed of 260 × 260 × 400
voxels. This was done to avoid edge eﬀects within the small
plug. In the diﬀerential images, the fracture was segmented on
the basis of its gray value. For each of the conﬁning pressures,
the same gray value threshold was used. The simulations were
carried out on the resulting segmented volume images. It is
important to note that only the fracture was segmented from
the images, so that the permeability results of the simulations,
which are depicted in Figure 3b, are considered as the fracture
permeability. They resemble the experimental total perme-
abilities quite well, especially at lower conﬁning pressures. The
edge eﬀect is present in the experiments, but not in the
simulations, and becomes more important at higher conﬁning
pressures. Overall, the total permeability nearly equals the
fracture permeability in these experiments, because matrix
permeability, measured in the INT-plug, is so small it can be
neglected. However, since the permeability simulations are only
carried out on the segmented fracture, we can expect
discrepancies from the experimentally determined permeability.
Taking the matrix permeability into consideration, and thus
simulating ﬂow through the entire rock plug, would increase the
accuracy of the ﬂuid ﬂow simulations.47 The ﬂow simulations
further allow one to visualize the local ﬂuid velocities inside of
the fracture (Figure 4). These results indicate the stepwise
closure of the fracture, thereby cutting oﬀ part of the original
Figure 2. Vertical cross-sections through the micro-CT data of the NF-plug: (a) at a conﬁning pressure of 2.9 MPa; (b) at a conﬁning pressure of 5.0
MPa; (c) at a conﬁning pressure of 10.0 MPa. The gradual closure of the fracture is emphasized in the insets, in which the image is adjusted to
enhance sharpness and contrast and the fracture is highlighted with arrows.
Figure 3. Permeability measurements and simulations based on the X-
ray micro-CT images, as a function of the applied conﬁning pressure.
(A) Permeability of the INT-plug (triangles), compared to the NF-
plug (squares and circles), in which the permeability was determined
in two consecutive runs. (B) Experimental permeability of the IF-plug,
in which the permeability was determined both with a CsCl-brine and
H2O, and the simulated permeability, based on the segmentation of
the fracture from the micro-CT images.
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ﬂuid ﬂow paths. At the lowest considered conﬁnement (1.3
MPa), the simulations suggest channelized ﬂuid ﬂow,
distributed throughout the entire fractured area. However,
high local velocities are found at the inﬂow and outﬂow
boundaries of the retained subvolume. This is due to local
maxima in the fracture aperture at the boundaries of the
retained volume, causing preferential in- and outﬂow at a
certain location in the fracture. The ﬂuid can then virtually
spread out in the entire fracture, causing lower local ﬂuid
velocities in the central part of the fracture, after redirecting to
the preferential outﬂow point. Much like in previous
studies,20,21 the increase in conﬁning pressure causes
preferential ﬂow channels to form, which govern the principal
ﬂuid ﬂow. The connectivity within the fracture and the local
ﬂow velocities are generally decreased. This is due to a decrease
in average fracture aperture and the partial closure of the
fracture.
The NF-plug was also tested for its permeability change
under conﬁnement (Figure 3a), both while saturated with
CsCl-brine and H2O, respectively. At the lowest conﬁnement,
the NF-plug exhibited a measured permeability approximately
20 times higher than the INT-plug. With increasing conﬁning
pressure, the permeability decreased exponentially, with a ﬁtted
exponent of −0.324 (R2 value of 0.97). Compared to the IF-
plug, the NF-plug is up to 1000 times less permeable; however,
the exponential decrease is very similar. The micro-CT images
have shown that the rock fracture remains partially closed after
the initial increase in conﬁning pressure. This was detected by
comparing the micro-CT images of the second pressure cycle
to the images of the initial cycle, as well as to micro-CT images
from a third cycle, when the permeability experiment was run
once more and even lower permeabilities were observed. The
measurements from this third cycle, in which the experiment
Figure 4. Visualization of ﬂuid ﬂow simulations in the IF-plugs, with increasing conﬁning pressures. The simulations were carried out for identical
regions within the rock plug, simulating a ﬂow parallel to the fracture by solving the Stokes equations. It is important to note the decrease in local
ﬂuid velocity (in μm/s) with increasing pressure, as well as the channelization of the ﬂow due to fracture closure.
Table 1. Fracture Width Determinations, Based on the Hagen−Poiseuille Law, Both for the Experimental Permeability
Determination and the Simulated Permeability
conﬁning
pressure (MPa)
experimental
permeability kav (m
2)
extrapolated matrix
permeability km (m
2)
average fracture
width w (μm)
simulated fracture
permeability kf (m
2)
average fracture width w based on
simulation (μm)
Sample with Induced Vertical Fracture
2.0 5.3 × 10−14 9.4 × 10−18 9.6 1.0 × 10−13 1.1
4.0 2.4 × 10−14 5.6 × 10−18 7.4 9.0 × 10−15 0.3
6.2 5.1 × 10−15 3.2 × 10−18 4.4 5.2 × 10−15 0.2
8.2 6.3 × 10−15 1.9 × 10−18 4.7 2.4 × 10−15 0.2
10.2 2.9 × 10−15 1.1 × 10−18 3.6 4.2 × 10−16 0.1
13.3 1.7 × 10−15 0.5 × 10−18 3.0 2.2 × 10−16 0.1
Sample with Natural Vertical Fracture
1.1 1.1 × 10−16 1.2 × 10−17 1.2
2.9 5.2 × 10−17 7.4 × 10−18 0.9
4.3 4.0 × 10−17 5.2 × 10−18 0.8
5.1 3.2 × 10−17 4.2 × 10−18 0.8
6.5 1.9 × 10−17 3.0 × 10−18 0.6
8.0 9.4 × 10−18 2.0 × 10−18 0.5
10.0 6.6 × 10−18 1.2 × 10−18 0.4
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was carried out with H2O, could be ﬁtted with an exponential
function with exponent −0.237 (R2 value of 0.98).
When comparing the exponents of the exponential ﬁtting of
the permeability data of the diﬀerent rock plugs (Figure 3), all
three plugs show similar behavior with increasing conﬁning
pressure. Although the data is too limited to extract a predictive
model, it suggests that an induced fracture can be used to
understand the ﬂuid ﬂow behavior of natural fractures in these
sandstones. Moreover, it ﬁts with the hypothesis that small,
undetected microfractures are also present in the INT-plug.
Hydraulic Aperture Quantiﬁcation. The permeability
measurements and simulations further allow the determination
of an average fracture aperture via eqs 2 and 3. In these
equations, experimentally determined permeabilities represent
the total permeability kav, the permeability determined on the
INT-plug represents the matrix permeability km, and the
simulated permeabilities can be considered as fracture
permeabilities kf. These results and the corresponding hydraulic
fracture apertures, based on the parallel plate representation of
fractures,39,40 are summarized in Table 1. The obtained
hydraulic fracture apertures, either based on the experimental
data or directly via eq 2 from the fracture permeability
simulations, are found in the order of 10 μm and smaller for the
IF-plug and only up to 1.1 μm for the NF-plug. These values
are within the range expected from previous studies.48 To
compare the hydraulic apertures based on the experiments to
those from simulated permeability measurements, the volume
on which both were carried out has to be considered: for the
simulations, only one-third of the actual fracture was taken into
consideration, due to limitations in the imaging process.
During the experiments, maximum Reynold’s numbers of 8.5
× 10−3 and 3.4 × 10−5 were obtained for the IF-plug and NF-
plug, respectively. This is well within the laminar ﬂow regime
for fractures,49 indicating the results of the simulations and the
assumptions in eqs 2 and 3 to be valid. Although out of the
scope of this work, the results depicted in Table 1, in
combination with a ﬁeld study on the concentration and
connectivity of fractures,13 lend themselves to the deﬁnition of
large-scaled fractured rock permeability models.50,51 Still, it
remains important to understand the local variation in fracture
aperture for a full understanding of the ﬂuid ﬂow behavior in
the fractures and by extent in naturally fractured reservoirs.42,52
Local Aperture Quantiﬁcation. At 7 diﬀerent conﬁning
pressures, micro-CT scans of the IF-plug were made with the
CsCl-brine as contrasting agent and a drained fracture due to
injection of CO2. The fracture aperture distribution was
subsequently determined as fwhm values on the diﬀerential
images of these scans.24,43 At a conﬁning pressure of 1 MPa,
765 out of the 1200 PSF ﬁts were considered to be in
agreement with the spread of the micro-CT data. However, at a
conﬁning pressure of 10 MPa, only 451 out of the 1200 PSF ﬁts
were accepted. This trend could be seen at the other conﬁning
pressures as well: the PSF ﬁtting process is more successful for
well-established fractures (at low conﬁning pressure) as
opposed to thin fractures (at higher conﬁning pressure).
Averaging these measurements might thus yield a biased
fracture aperture distribution in the rock plug. Still, the
measured apertures, presented in Figure 5, show the expected
closure of the fracture with increasing conﬁning pressure.
Results from fwhm measurements taken at conﬁning pressures
of 8.2 and 13.3 MPa are not included in this ﬁgure. In these
scans, the injection of CO2 led to the local increase in brine
concentration along the fracture. Due to the high solubility of
CsCl in water, the increase in brine concentration did not lead
to salt precipitation, which could distort the permeability
measurements. However, it led to a higher fwhm measurement
which could not be compared to those at the other conﬁning
pressures. However, for the measurements at the retained
conﬁning pressures, the minimum, maximum, and median
fracture width show a consistent decrease with increasing
conﬁning pressure (Figure 5). In the micro-CT slices where a
fwhm could be determined both for a conﬁning pressure of 1
and 10 MPa, the fracture closure can quantitatively be
determined. In order to compare the fracture aperture
measurements, all micro-CT scans were ﬁrst registered to the
scan taken at the lowest conﬁning pressure. The aperture
measurements were thus carried out at identical positions
within each micro-CT scan. The incremental fracture closure at
a given conﬁning pressure can be found in Figure 5. It is
important to note that the change in average and median
aperture with increasing conﬁning pressure must be considered
as a minimum average change, since a fwhm value cannot be
determined when the fracture is several times smaller than the
image resolution. The observations are thus limited by the
spatial resolution of the micro-CT scans, which makes a
threshold for full fracture closure ambiguous.
Because the fracture in the NF-plug is very thin, the apertures
can be determined with the MA method,25,46 rather than with
fwhm. However, the matrix heterogeneity of the rock
complicates this quantiﬁcation: as quartz and dolomite
attenuate X-rays diﬀerently, they result in diﬀerent gray values
in the micro-CT images. Because the fracture tends to follow
grain boundaries, it is often bound by the lighter gray dolomite
on one side and the darker quartz on the other side. The MA
determination of the fracture aperture is very susceptible to
such a gradient across the fracture.25 Therefore, MA measure-
ments were restricted to small subsections along the fracture,
where it was bounded by quartz grains at both sides. We
assume that the local aperture distribution is independent from
the bounding minerals and that this is thus a valid approach.
Short gray value proﬁles along the fracture, which are the basis
for the MA measurements, allow the determination of a local
value for the average material CT value CTMat (Figure S5). This
method allows for an aperture characterization at the edge of
the resolution and below that. To illustrate this on the NF-plug,
gray value proﬁles were made at conﬁning pressures of 2.9, 5.0,
and 10.0 MPa, across the lower section of the fracture shown in
the vertical slices illustrated in Figure 2. The results of this MA
determination are listed in Table 2. Only those measurements
where a MA could be determined for at least two of the
Figure 5. Minimum, maximum, average, and median fracture aperture,
determined as fwhm values in the IF-plug as a function of applied
conﬁning pressure. The fwhm determination is capable of capturing
the closure of the fracture with increasing conﬁning pressure.
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conﬁning pressures are included, resulting in 12 individual
measurements which can be represented out of 30 measure-
ments which were carried out. Ketcham et al.25 have shown that
these measurements are reliable down to one-tenth of a voxel
width. In this case, it corresponds to measurements as small as
1.1 μm. Because of the diﬃculty in fracture segmentation, it was
impossible to carry out these measurements in an automatic
way to perform statistical analysis on them. Much like the fwhm
measurements in the IF-plug, however, the MA measurements
show a logical decrease of the fracture width with increasing
conﬁning pressure. We therefore assume that the MA
measurements provide reliable approximations of the local
fracture width.
When comparing the local apertures, determined by the
fwhm and the MA method, to the hydraulic apertures, we see
that the measured local apertures are distinctively larger than
the corresponding hydraulic apertures at the same conﬁning
pressure. This is explained by the diﬀerences in observation: the
hydraulic apertures represent ideal fractures (parallel fracture
walls) with the same permeability as the rough fractures. Since
the natural and induced fractures are rough, they can fully close
at certain fracture locations. As such, ﬂuid ﬂow does not take
place in the entire fracture. Therefore, the local apertures can
be several times larger than the hydraulic aperture. The fact that
even the minimum values of the measured local apertures
(Figure 5) are larger than the hydraulic apertures at the same
conﬁning pressures (Table 1) is linked to the limitation of
determining a PSF on the micro-CT data. The smaller the
fracture, the more diﬃcult it is to ﬁt the data with a correct PSF.
However, on the basis of the permeability data represented in
Figure 3 and the ﬂuid ﬂow simulations in Figure 4, it is safe to
assume that the distribution and closure of these small
apertures along the fracture play an important role in inhibiting
the ﬂuid ﬂow and thus lowering the local permeability of the
rock plugs.
Environmental Implications. On Svalbard, an unconven-
tional CO2 storage unit is targeted which relies heavily on
fracture permeability for its total hydraulic conductivity and, to
a lesser extent, storage capacity. In this study, permeability
measurements indicate a partial closure of rock fractures with
increasing conﬁning pressure, which can be conﬁrmed by local
fracture aperture measurements and ﬂuid ﬂow simulations
based on the extraction of the 3D fracture volume in micro-CT
images at diﬀerent conﬁning pressures. Although they partially
close, fractures still provide the main ﬂuid pathways at greater
depths. At a conﬁning pressure of 10 MPa (equal to a burial
depth of approximately 900 m), rock plugs with natural and
induced fractures are characterized by a permeability of
approximately ﬁve times and more than a thousand times the
permeability of an unfractured sample at the same conditions,
respectively. At this depth, the natural and induced fractures are
characterized by hydraulic apertures in the order of 1 and 10
μm, respectively. Even such small fractures will thus inﬂuence
the overall injectivity and storage capacity of the reservoir. The
role of natural fractures in this system can be studied through
fractures induced by a tensile splitting test, which show very
similar behavior. In this setting, the induced fractures, which
allow for a better visualization and quantiﬁcation of the fracture
apertures based on the micro-CT images, can be used to
determine the relative closure of the fracture with increasing
depths. As such, natural fractures can be investigated within
decompacted core samples or in outcrop material after which a
certain amount of closure can be inferred from measurements
in induced fractures. In this particular case, both natural and
induced fractures closed under the inﬂuence of increased
conﬁning pressure on the rock plugs, with apertures closing to
approximately 40% of their original size as the conﬁning
pressure increased from 1 to 10 MPa. This coincides with a
permeability drop of more than 90%. Although upscaling to the
continuum scale is a diﬃcult task, information on the fracture
behavior at depth is necessary for reservoir modeling. In this
work, we presented a methodology to obtain this information
from either direct aperture measurements or, in an indirect way,
via the hydraulic aperture determination. The rock plugs in this
study strongly rely on the fractures for their ﬂuid conductivity.
However, they are fairly homogeneous at the scale of
observation and lack the presence of clays which could have
an important impact on fracture closure. These are deﬁnitely
factors one would have to take into account when developing
reservoir models based on the experiments described in this
work. Although this study focused on a speciﬁc, small scale CO2
project, it helps in the understanding of fractured unconven-
tional reservoirs elsewhere and low-permeability cap rocks.
Advanced micro-CT imaging of in situ triaxial rock tests has
been proven to allow one to investigate the controlling factors
for pore-scale transport through such reservoir material
targeted for CO2 sequestration.
■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.est.8b00861.
Additional information on the fracture drainage process;
calibration techniques for the micro-CT images and the
fwhm and MA method; general equation for the MA
determination; geological overview of the targeted CO2
injection area (Figure S1); schematic representation of
the experimental setup (Figure S2); schematic repre-
sentation of the experimental approach for the IF- and
NF-plug (Figure S3); illustration of the diﬀerence
between the fwhm and the MA method (Figure S4);
example of a PSF ﬁt to CT data with indication of
parameters for the determination of the MA (Figure S5);
scanning parameters for the micro-CT imaging (Table
T1) (PDF)
Table 2. Fracture Aperture Based on the MA Method in the
Naturally Fractured Rock Plug
aperture at conf.
pressure of 2.9 MPa
(μm)
aperture at conf.
pressure of 5.0 MPa
(μm)
aperture at conf.
pressure of 10.0 MPa
(μm)
14.8 8.2 4.3
7.3 5.4 5.0
9.8 4.8
6.6 3.9
3.6 4.3 4.7
8.9 3.6
5.9 3.6
15.3 4.5
11.0 10.8 8.6
13.9 9.7
22.2 8.1
16.6 16.6
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